Introduction of transgene DNA may lead to specific degradation of RNAs that are homologous to the transgene transcribed sequence through phenomena named post-transcriptional gene silencing (PTGS) in plants, quelling in fungi, and RNA interference (RNAi) in animals. It was shown previously that PTGS, quelling, and RNAi require a set of related proteins (SGS2, QDE-1, and EGO-1, respectively). Here we report the isolation of Arabidopsis mutants impaired in PTGS which are affected at the Argonaute1 (AGO1) locus. AGO1 is similar to QDE-2 required for quelling and RDE-1 required for RNAi. Sequencing of ago1 mutants revealed one amino acid essential for PTGS that is also present in QDE-2 and RDE-1 in a highly conserved motif. Taken together, these results confirm the hypothesis that these processes derive from a common ancestral mechanism that controls expression of invading nucleic acid molecules at the post-transcriptional level. As opposed to rde-1 and qde-2 mutants, which are viable, ago1 mutants display several developmental abnormalities, including sterility. These results raise the possibility that PTGS, or at least some of its elements, could participate in the regulation of gene expression during development in plants.
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I
n most eukaryotes, transgenes are not always expressed as expected. In plants, silencing can occur through a block of transgene transcription (transcriptional gene silencing) or through the specific degradation of transgene RNA (posttranscriptional gene silencing: PTGS) (1) (2) (3) (4) (5) . When transgene RNAs are homologous to RNAs encoded by endogenous genes, both types of RNA are degraded, a phenomenon referred to as cosuppression (6) . In the fungus Neurospora crassa, a phenomenon similar to cosuppression has been described and called quelling (7) (8) (9) . Subsequently, PTGS of endogenous genes mediated by introduction of double-stranded RNA (dsRNA) was demonstrated in many organisms, including worms, flies, and mammals, and called RNA interference (RNAi) (10) (11) (12) (13) . To trigger RNAi, dsRNA can be supplied exogenously (14) or transcribed from transgenes carrying an internal inverted repeat (15) . In plants, PTGS mediated by internal inverted repeat transgenes or by co-expression of sense and antisense transgenes was also reported (16) (17) (18) , suggesting that PTGS, quelling, and RNAi could be related phenomena deriving from an ancestral mechanism directed against invading nucleic acids.
Models that explain PTGS͞quelling͞RNAi involve dsRNA molecules as a key intermediate leading to specific RNA degradation (5, 13) . When dsRNAs are not directly produced by an internal inverted repeat transgene or exogenously supplied, the unintended transcription of antisense RNA from a neighboring promoter or read-through from adjacent transgenes arranged as an inverted repeat (5) could explain the production of dsRNA. In addition, the synthesis of complementary RNA (cRNA) by an enzyme called RNA-dependent RNA polymerase (RdRP) (19) could also participate in the production of dsRNA. This latter hypothesis was confirmed first by the identification of small cRNA, 21-25 nucleotides long, in post-transcriptionally-silenced (PTG-silenced) plants (20) , second by the demonstration that proteins similar to tomato RdRP are required for quelling in Neurospora (QDE-1) (21) and PTGS in Arabidopsis (SGS2) (22) . Surprisingly, a protein similar to tomato RdRP was also shown to be required for RNAi in Caenorhabditis elegans (EGO-1) (23), thus indicating that RdRP could participate not only in the synthesis of cRNA (and consequently to the formation of dsRNA), but also in the amplification of the dsRNA signal, allowing silencing to spread throughout the organism (8, 10, 24, 25) . How dsRNA leads to the degradation of homologous RNA remains unclear. It has been proposed that dsRNA is targeted by a dsRNA endonuclease to generate short dsRNA pieces, 21-25 nucleotides long (13) . Then, annealing of these short dsRNA pieces with mRNA, followed by strand exchange, would generate new substrates cleaved at the same sites by the ribonuclease.
In addition to EGO-1, two other proteins (RDE-1 and MUT-7) required for RNAi in C. elegans have been identified (26, 27) . RDE-1 is similar to rabbit eIF2C, which is assumed to participate in the control of translation initiation (28) . RDE-1 may be brought to the target mRNA (via the interaction with the interfering dsRNA) and displace or perturb positioning of eIF2C (to which RDE-1 is most similar) in the translation machinery complex, thus preventing translation of the target mRNA (26) . MUT-7 has homology with the catalytic domain of Escherichia coli RNase D. MUT-7, guided by dsRNA, could degrade specific mRNA targets (27) . In Neurospora, quelling requires QDE-2, which is similar to C. elegans RDE-1, thus indicating that quelling and RNAi share this step as well as the RdRP-controlled step (29) . Although eight homologs of RDE-1͞QDE-2 exist in Arabidopsis (refs. 26, 29-32 , and this work), there was so far no evidence for their role in PTGS. Here, we report the isolation of new PTGS mutants of Arabidopsis that are impaired in one of these homologs encoded by the AGO1 gene (30) . Similarities between AGO1, QDE-2, and RDE-1 therefore reinforce the idea that PTGS is mechanistically linked to quelling and RNAi. which were derived the PTG-silenced 35S-␤-glucuronidase (35S-GUS) transgenic lines L1 and L2 (33), the PTG-silenced 35S-NIA2 line 2a3 (33) , and the ago1-3 mutant (30), were grown in sterile medium under a 16 h light͞8 h dark regime at 100 mol⅐m Ϫ2 ⅐s
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. Plants were transferred to soil and grown under the same light regime.
Mutant Selection. Ten thousand plants derived from the selfprogeny of 500 ethyl methanesulfonate-mutagenized seeds of the PTG-silenced 35S-GUS transgenic line L1 were grown in sterile medium. Because this ethyl methanesulfonate library had been screened previously for PTGS sgs mutants that develop as wild type in the greenhouse, plants with a wild-type phenotype having developed a flowering stem after 4 weeks of growth in sterile medium were eliminated. The remaining plants were allowed to grow for another 2 weeks. GUS activity [in nmol of 4-methylumbelliferone (MU) per min per g of total protein] was then measured in the leaves as described before (33) .
Genetic Analysis. Because ago1 mutants are infertile, allelism tests were performed by crossing parents heterozygous for each allele. Introgression of L1, L2, and 2a3 loci into the ago1 background was performed by crossing homozygous transgenic lines with parents heterozygous for the ago1-3 allele. F 1 hybrids were allowed to self-fertilize, and those segregating 25% ago1 mutants after self-fertilization were retained. F 2 plants carrying the L1 and L2 loci were selected by germinating seeds on medium supplemented with kanamycin. GUS activity was measured in ago1 mutants and wild-type siblings after 6 weeks of growth. F 2 plants derived from the crosses between line 2a3 and the ago1 mutants were germinated without selection. The number of ago1 mutants and wild-type siblings dying because of PTGS of endogenous NIA genes and 35S-NIA2 transgene was scored after 6 weeks of growth.
Molecular Characterization. Genomic DNA was extracted by the standard cetyltrimethylammonium bromide extraction method. Sequencing of the ago1-24 allele was performed on PCR products. Methylation analysis by Southern blot was performed by using the methylation-sensitive HpaII restriction enzyme as described previously (33) .
Results
Identification of PTGS Mutants Resembling ago1
Mutants. We previously reported the isolation of PTGS Arabidopsis mutants that define three genetic loci called sgs1, sgs2, and sgs3 (for suppressor of gene silencing) (22, 33) . These mutants were isolated after ethyl methanesulfonate mutagenesis of the Arabidopsis transgenic L1 line exhibiting PTGS of a reporter 35S-GUS transgene. Only mutants that developed as wild-type plants in the greenhouse were selected during this initial screen. A second screen was therefore performed in sterile medium to identify additional PTGS mutants that would show a delay in germination or development in soil. In the progeny of three independent mutagenized batches (named 23-1, 46-3, and 60-1) we identified 12, 17, and 9 plants, respectively, that displayed the phenotype of ago1 mutants-i.e., they formed unexpanded cotyledons, narrow leaves, and a unique stem with abnormal inflorescences bearing infertile flowers (30) . All of the 38 ago1-like plants identified exhibited GUS activity in leaves similar to that of sgs mutants (ca. 5,000 nmol of MU per min per g of protein) whereas GUS activity in sibling wild-type plants was less than 5 nmol of MU per min per g of protein), as in L1 plants (Table  1 and data not shown). GUS staining of cross sections of leaves, hypocotyls and roots revealed uniform expression of the 35S-GUS transgene (data not shown), suggesting complete impairment of PTGS in these organs. Like ago1 mutants (30), the 38 ago1-like [GUSϩ] plants were self-sterile.
ago1-Like PTGS Mutants Are Affected at the AGO1 Locus. Genetic analysis was performed to determine whether these new PTGS mutants were actually affected at the AGO1 locus. Because they are self-sterile like ago1 mutants, allelism tests were performed by crossing parents heterozygous for each allele. Parents segregating 25% [GUSϩ] ago1-like mutants and 75% [GUSϪ] wildtype plants after self-fertilization were identified in each batch. These plants were crossed together or with parents heterozygous for the ago1-3 null allele (30) . Each cross generated 25% of plants with the phenotype of ago1 mutants. Kanamycin-resistant plants exhibited GUS activity comparable to that of sgs mutants in leaves of 8 weeks old plants (data not shown), thus strongly suggesting that these three PTGS mutants were indeed affected at the AGO1 locus. Following the published literature (30, 32, 34) , they were designated as ago1-22, ago1-23, and ago1-24 (derived from batches 23-1, 46-3, and 60-1, respectively).
An Essential Amino Acid of AGO1 Is also Present in RDE-1 and QDE-2 in a Highly Conserved Motif. To confirm allelism tests, sequencing of the entire AGO1 gene was performed in ago1-24. It revealed a single CG 3 TA transition at the 5Ј end of exon 10, leading to a Leu 3 Phe substitution at position 571 of the AGO1 protein (Fig. 1) . Alignment of AGO1 with RDE-1 and QDE-2 revealed that this essential Leu is also present in RDE-1 and QDE-2 within one of the highly conserved motifs of these related proteins (Fig. 1) , suggesting that it could also participate in the silencing function of these two proteins.
Computer analysis revealed the presence of seven AGO1-related putative genes in the Arabidopsis genome (92.5% sequenced at this date). One of these genes was previously identified twice as ZWILLE (ZLL) and PINHEAD (PNH), and has overlapping function with AGO1 in the meristem, in the embryo, and in the vascular tissues (31, 32) . The six other genes are putative. Arbitrarily, we named them AGO2 (GenBank accession number AC007654, protein number AAF24585.1), AGO3 (AC007654, A AF24586.1), AGO4 (AC005623, AAC77862.1), AGO5 (AC006929, AAD21514.1), AGO6 (AC003033, AAB91987.1), and AGO7 (AC073178). Another related gene was also identified (AC069325) but was not considered as an AGO1-like gene because it encodes a protein lacking 200 amino acids at the highly conserved C terminus of the AGO1 protein family. Only expressed sequence tags corresponding to AGO1, ZLL͞PNH, AGO4, and AGO7 genes were found in the database, suggesting that the other members could be pseudogenes or could be transcribed at very low levels. Alignment of AGO1 with the complete translation products of ZLL͞PNH and five putative genes (AGO2-AGO6) and partial translation of one gene of which sequencing is in progress (AGO7) revealed that the essential Leu-571 of AGO1, which is conserved in RDE-1 and QDE-2, is also present in all known members of the AGO1 family (Fig. 1) . However, the impairment GUS activity in L1 plants, sgs2-1 mutants, and ago1-22,  ago1-23, and ago1-24 mutants (isolated from batches 23-1, 46-3,  and 60-1, respectively, GUS activity [in nmol of 4-methylumbelliferone per min per g of total protein] was measured in leaves of five independent plants after 6 weeks of growth. Each value corresponds to an individual plant. of PTGS in ago1 mutants suggests that ZLL͞PNH and the six other putative proteins cannot (fully) substitute for AGO1 silencing functions in ago1 mutants.
ago1 Mutants Are Impaired in Both PTGS and Cosuppression. To definitively prove that the AGO1 gene is required for PTGS and not only for silencing of the 35S-GUS transgene of line L1, we crossed parents heterozygous for the previously identified ago1-3 null allele with three different PTG-silenced lines. Lines L1 and L2 carry the same 35S-GUS reporter transgene but inserted at two different positions within the genome (33) . Line 2a3 carries a 35S-NIA2 transgene that triggers cosuppression of homologous NIA endogenous genes and transgenes (33) . These three loci were chosen because PTGS mediated by L1, L2, and 2a3 is released in sgs1, sgs2, and sgs3 mutants (22, 33) . GUS activity was measured in ago1 mutants and wild-type siblings of the F 2 progeny of the cross with line L1 grown on medium supplemented with kanamycin to select for the presence of the L1 locus. All ago1-3 mutants (45 plants tested) were [GUSϩ] , whereas all wild-type siblings (30 tested) were [GUSϪ], indicating that GUS PTGS mediated by the L1 locus is released in ago1-3 as it is in ago1-22, ago1-23, and ago1-24 mutants. Similarly, GUS PTGS mediated by the L2 locus (52 ago1 plants tested) and NIA cosuppression mediated by the 2a3 locus (92 ago1 plants tested) were released in all ago1-3 mutants tested but not in wild-type siblings, thus confirming that the AGO1 gene is required for both PTGS of a foreign transgene and cosuppression of homologous endogenous genes and transgenes. Moreover, these results suggest that the action of AGO1 on PTGS does not depend on transgene position within the genome.
PTGS Deficiency Correlates with a Decrease of Transgene Methylation in ago1
Mutants. PTGS correlates with methylation in the transgene transcribed sequence (33, (36) (37) (38) . Although the exact role played by methylation in PTGS is still not known [methylation is dispensable for quelling in Neurospora (8) and for RNAi because methylation is absent in C. elegans], it is assumed that this type of imprint of transgene DNA is involved in the maintenance of the production of aberrant RNA (and subsequently of dsRNA) that trigger sequence-specific RNA degradation (4, 39) . Methylation is (at least partially) reduced in sgs mutants (22, 33) , whereas it is maintained in plants infected by viruses that counteract PTGS (40) (41) (42) , suggesting that sgs mutants are impaired in PTGS steps that control both RNA degradation and DNA methylation, whereas viruses impede only step(s) that control RNA degradation. To determine the step at which AGO1 protein acts in PTGS, we compared methylation of the GUS reporter transgene in ago1 and sgs mutants with that of PTG-silenced L1 plants. As in sgs2 and sgs3 mutants (22), methylation is strongly reduced in ago1 mutants (Fig. 2) , indicating that AGO1 also controls a step that is necessary for both RNA degradation and DNA methylation.
Discussion
By a genetic approach, a number of mutants affected in quelling, RNAi, or PTGS have been isolated, leading to the identification of eight genes controlling these phenomena (21-23, 26, 27, 29, 33, 43, 44) . QDE-1, QDE-2, and QDE-3 genes, required for quelling in the fungus N. crassa, encode proteins similar to tomato RNA-directed RNA polymerase, rabbit translation initiation factor eIF2C, and E. coli RecQ DNA helicase, respectively (21, 29, 44) , whereas EGO-1, RDE-1, and MUT-7 genes required for RNAi in the nematode C. elegans encode proteins similar to tomato RNA-directed RNA polymerase, rabbit translation initiation factor eIF2C, and E. coli RNaseD, respectively (23, 26, 27) . SGS2 and SGS3 genes, required for PTGS in A. thaliana, encode a protein similar to tomato RNA-directed RNA polymerase and a protein of unknown function, respectively (22) .
The finding of one set of related proteins shared by PTGS, quelling, and RNAi (SGS2͞QDE-1͞EGO-1), therefore, suggested that these three mechanisms could be mechanistically linked. However, evidence for the role of RdRP in RNAi is restricted to the germ line because ego-1 mutants are still able to undergo RNAi in somatic tissues (23) . Whether RdRP is dispensable for RNAi in somatic tissues or whether RNAi in somatic tissues involves one of the other known RdRPs in C. elegans remains to be determined. In addition, PTGS does not occur in the meristems from which derive the germ line in plants (25, 41) . Therefore, SGS2 and EGO-1 provide a molecular link between PTGS and RNAi, but they act in different tissues. Here we report the finding of a second set of highly related proteins (AGO1͞QDE-2͞RDE-1) required for PTGS͞quelling͞RNAi. They are all necessary for silencing in similar (somatic) tissues and they all carry a Leu in a highly conserved domain (Fig. 1 ) that was shown here to be essential for the role of AGO1 in PTGS, further establishing that these three phenomena are mechanistically linked.
Developmental defects are associated with mutations in some but not all proteins required for PTGS͞quelling͞RNAi. Indeed, among the two sets of related proteins shared by PTGS, quelling and RNAi (SGS2͞QDE-1͞EGO-1 and AGO1͞QDE-2͞RDE-1), four proteins are dispensable for development in standard conditions of growth (SGS2͞QDE-1 and QDE-2͞RDE-1). Conversely, mutations in AGO1 have pleiotropic effects on development and fertility that strongly compromise the life and reproduction of Arabidopsis in standard conditions of growth (30, 32) . Similarly, ego-1 mutants, impaired in RNAi in the germ line, also show gametogenesis defects and sterility in C. elegans (23) . This result could indicate that PTGS and RNAi, but not quelling, regulate some step(s) of gene expression during development. However, other PTGS mutants, like sgs1, sgs2, and sgs3, are viable (22, 33) , as well as other RNAi-deficient mutants like rde-1 and mut-7 (26, 27) , indicating that PTGS and RNAi, as a whole, are dispensable for development. The participation of AGO1 and EGO-1 in developmental functions simultaneously with silencing therefore suggests that PTGS͞RNAi and development simply share common enzyme(s) or pathway(s).
Most of the genes controlling PTGS͞RNAi are members of multigene families. EGO-1͞SGS2 genes belong to families of at least 4 members in C. elegans (23) and 7 members in Arabidopsis (22) , respectively, whereas RDE-1͞AGO1 genes belong to families of at least 23 members in C. elegans (26) and 8 members in Arabidopsis (refs. 30-32 , and this work), respectively. Although mutations in these four genes are sufficient to abolish PTGS͞ RNAi, the role of most of the other members of the families is not known. They could participate in silencing or control different biological processes, or could be pseudogenes. In the case of the AGO1 family, one related gene (ZLL͞PNH) was genetically identified as encoding a protein required for development (31, 32) , while six other genes encoding putative proteins strongly similar to AGO1 (Fig. 1) were identified by computer analysis of the Arabidopsis genome (92.5% sequenced at this date). ZLL͞PNH and AGO1 genes are expressed in part in the same organs (including leaves, roots, and stems; refs. [30] [31] [32] . However, ago1 and zll͞pnh mutants have distinct phenotypes (30) (31) (32) , suggesting that ZLL͞PNH and AGO1 genes have specialized (although probably synergistic) functions, at least in development. Among the six other known putative AGO1-like genes, only two (AGO4, AGO7) have corresponding expressed sequence tags in the databases, suggesting that the others could be pseudogenes or could be expressed at very low levels. Whether such proteins could overlap with AGO1 silencing functions is unknown. Nevertheless, uniform reexpression of the PTG-silenced 35S-GUS reporter transgene was observed in cross sections of leaves, hypocotyls, and roots of ago1 mutants, suggesting a total impairment of PTGS in these organs. This result fits well with the fact that transgene expression and methylation levels in ago1 mutants are similar to those in sgs2 and sgs3 mutants in leaves, stems, and roots (data not shown), indicating that (at least part of) AGO1 silencing functions cannot be performed by the seven other members of the family. If these proteins have silencing functions similar to AGO1, they are most likely expressed at levels that are too low or in very few cells, or they require the simultaneous presence of a functional AGO1 protein to be active. Nevertheless, the requirement for AGO1 in PTGS does not exclude that any of the AGO1-related proteins also play a role in PTGS, alone or in combination with AGO1. Whether PTGS still occurs in mutants affected in each of the AGO1-related proteins needs to be determined to answer this question.
To conclude, the identification of a second set of proteins shared by PTGS, quelling, and RNAi confirms the mechanistic link existing between these silencing phenomena. The identification of a protein (AGO1) controlling PTGS that is absolutely required for the growth of plants in standard conditions points out the limits of a genetic approach to identify all proteins involved in silencing processes. The fact that most of the genes controlling PTGS͞RNAi are members of multigene families is also a limitation for a genetic approach in cases of complete redundancy. Therefore, it would be relevant to use a biochemical approach, by using the two-hybrid system or in vitro systems (from partially purified cell extracts), for example (45, 46) , to identify other members of complexes involving already known proteins. Because the rabbit homologue of AGO1͞QDE-2͞ RDE-1, eIF2C (26, (30) (31) (32) , is supposed to be part of a protein complex that stimulates the start of translation (28) , such an approach would help to identify other members of this complex and test their effect on PTGS͞quelling͞RNAi.
